Thrips infestations are known to cause economic damage to many crops including cabbage, cotton, onion, tomato, pepper, peanut, and tobacco. Loss may be attributed directly to injury resulting from thrips feeding or oviposition and indirectly by transmission of plant viruses, such as Tomato spotted wilt virus (TSWV; family Bunyaviridae, genus Tospovirus) (North and Shelton 1986a , 1986b , Shelton and North 1986 , Broadbent et al. 1987 , German et al. 1992 , Lewis 1997 , Cho et al. 1995 , Brecke et al. 1996 , Eckel et al. 1996 , Gitaitis et al. 1998 , McPherson et al. 1999 , Garcia et al. 2000 , Nault and Speese 2002 . The continual pressure of TSWV and thrips damage on the production of peanut, tobacco, and other solonaceous crops in the southeastern United States has increased interest in the ecology of thrips vector species (Hobbs et al. 1993 , DuRant et al. 1994 , Eckel et al. 1996 , Prins and Goldbach 1998 , Groves et al. 2001 , Wells et al. 2002 , Kahn et al. 2005 .
Throughout the southeastern United States, the western ßower thrips, Frankliniella occidentalis (Pergande), and the tobacco thrips, Frankliniella fusca (Hinds), are considered important vectors of TSWV (Morgan et al. 1970 , McPherson and Beshear 1990 , Salguero Navas et al. 1991 , Cho et al. 1995 . The role of the onion thrips, Thrips tabaci Lindeman, as a competent vector has been disputed over the last few years (Wijkamp et al. 1995) , but recent studies indicate that at least some populations transmit TSWV effectively and could play a role in the primary spread of TSWV in Europe and in the United States (Chatzivassiliou et al. 1999 , Cabrera-LaRosa and Kennedy 2007 . The seasonal population dynamics and dispersal of thrips vector species in the southeast and mid-Atlantic regions of the United States also have been described on several noncrop and crop host plants during the cropping season (Barbour and Brandenburg 1994 , Chamberlin et al. 1992 , Eckel et al. 1996 , Kahn et al. 2005 , McPherson et al. 1992 , Nault et al. 2003 .
In North Carolina, where F. fusca is the predominant early-season vector of TSWV, both the virus and its thrips vectors overwinter on winter hosts growing in and around agricultural Þelds (Cho et al. 1995 , Groves et al. 2001 . Populations of F. fusca overwintering on winter weeds typically begin to increase in April and peak in late May (Groves et al. 2001, 2003, S.C.M. and G.G.K., unpublished data) . The populations on crops, such as tobacco, tomato, and pepper, typically peak in late May and early June (Eckel et al. 1996) . In a 4-yr study, Groves et al. (2003) observed peaks in the numbers of dispersing F. fusca adults caught on yellow sticky traps during May or early June, although the numbers of F. fusca varied among locations and years. They also observed that the seasonal patterns of TSWV-spread corresponded with the number of F. fusca caught on yellow sticky traps. Factors affecting the numbers of F. fusca caught on yellow sticky traps during the period when they are dispersing from their winter hosts and infest crops have not been quantiÞed.
Temperature and rainfall have long been viewed as major factors affecting population dynamics of thrips. Davidson and Andrewartha (1948b) reported that the abundance of adult Thrips imaginis Bagnall found in ßowers during spring was determined largely by natural population growth, the inßuence of weather throughout the season on thrips multiplication rate, and the inßuence of current weather on thrips activity. Temperature inßu-ences population dynamics principally because it affects the developmental rate of insects (Logan et al. 1976) . Rainfall tends to negatively affect thrips populations (Bailey 1933 (Bailey , 1934 because heavy precipitation events can kill larvae (Kirk 1997 ) and suppress dispersal (Lewis 1963) . In contrast, rainfall may positively impact thrips population growth and dispersal by delaying senescence of host plants (S.C.M. and G.G.K., unpublished data), allowing more time for thrips to proliferate and ultimately colonize crops. Based on these studies, we would expect dispersing thrips populations to be positively affected by increasing temperature and negatively affected by heavy rainfall throughout the spring. However, we also expect the negative effect of heavy rainfall might be at least partially offset by a positive effect of frequent rain resulting from delayed senescence of noncrop hosts.
Our study was conducted to determine and quantify the effects of temperature and rainfall on the numbers of F. fusca and T. tabaci caught on yellow sticky traps in spring. Frankliniella occidentalis was not included in our analyses because too few specimens were collected. Using thrips aerial trapping data collected during the spring seasons of 1997 through 2001, we evaluated the inßuence of temperature (developmental degree-days), the amount of precipitation, and the number of days in which precipitation occurred on the numbers of F. fusca and T. tabaci caught on our traps during the period 1 April through 31 May, when the populations are dispersing from their winter hosts and infest summer hosts, including newly planted crops.
Materials and Methods
Aerial Trap Collection. From 1997 to 2001, thrips spring dispersal was monitored along Þeld borders at 21 locations in central and eastern North Carolina and eastern Virginia. Trapping was initiated before the crops were planted. In North Carolina, the Þelds were planted to tobacco, soybean, or cotton during the trapping period. In Virginia, the Þelds were planted to tomato (Fig. 1) . Traps in North Carolina consisted of cylindrical yellow (John Deere Yellow model 981; Spray Products, Norristown, PA) PVC pipe (7.5 cm length by 2.5 cm diameter) wrapped with Tanglefoot-coated plastic wrap (Great Lakes Integrated Pest Management, Vestaburg, MI) and fastened to a wooden dowel 1 m above the soil. At each location, four traps, separated by 10 m, were arranged in a linear pattern along one side of the Þeld to avoid interference with any cultural practices. Any vegetation within an area of Ϸ0.4 m 2 surrounding each trap was removed. Between 1 April and 31 May, traps were replaced at Ϸ7-d intervals. Recovered traps were returned to the laboratory where the coated plastic was removed from the PVC cylinder and sandwiched between two pieces of transparent plastic wrap (S.C. Johnson & Son, Racine, WI) .
In Virginia, yellow sticky cards (7.6 cm by 12.7 cm, both sides exposed) were fastened to trellis supports in the center of tomato Þelds and adjusted weekly to the height of the canopy. At each Þeld location, cards were placed in three rows, and the middle row had one card and was ßanked by rows that each had two cards (Þve cards total). Rows containing cards were separated by Ͼ10 m. All cards were within 20 m of Þeld edges. Traps were replaced at 7-d intervals and returned to the laboratory for processing (Nault et al. 2003) . Data from Virginia traps were multiplied by 0.31 per trap to adjust for the larger surface area of the traps used in Virginia.
Thrips Identification. When 25 or fewer adult thrips per trap were collected on a trap, all thrips were identiÞed to species. When there were Ͼ25 thrips on a trap, the total number of adult thrips was counted, and a random subsample of 25 thrips was removed for identiÞcation to species. The proportion of each species within the subsample was multiplied by the total number of thrips captured on that trap to estimate the total number of each species present on the trap. Individual thrips recovered for identiÞcation were removed from the plastic wrap by soaking in HistoClear solvent (National Diagnostics, Atlanta, GA) for 10 min. A microscope slide was prepared for each trap collection (Յ25 thrips per slide) using CMC-10 (Masters Chemical Co., Elk Grove, IL) as a clearing and mounting medium. Species of adult thrips mounted on slides were determined using a key to adult thrips of Terebrantia suborder (Palmer et al. 1992) . Voucher specimens are held at the North Carolina State University museum and Eastern Shore Agricultural Research and Extension center near Painter.
Weather Data. All sites were assigned weather data based on proximity to the nearest National Oceanic and Atmospheric Administration (NOAA; http://cdo.ncdc.noaa.gov/dly/DLY) weather station (Table 1 ; Fig. 1 ). Daily degree-day data were estimated by averaging daily high and low temperature observations and subtracting the lower developmental threshold values of 10.5ЊC for F. fusca and 11.5ЊC for T. tabaci (Edelson and Magaro 1988, Lowry et al. 1992) .
{(Daily high T [ЊC] ϩ Daily low T [ЊC])/2}
Ϫ Developmental Threshold (ЊC) ϭ DD (for day) Degree-days were summed from 1 January through 10 May and from 1 January through 31 May each year at each weather station. The date 10 May was chosen because most spring planted crops at risk from F. fusca or TSWV are planted by this time and would be vulnerable to infestation and TSWV. Additionally, the number of dispersing F. fusca and T. tabaci would still be increasing. The date 31 May also was chosen because the majority of the spring dispersal of F. fusca has generally occurred in North Carolina . Recorded precipitation was summed as total precipitation and as the number of days with precipitation from 1 January through 10 May and from 1 January through 31 May. Total precipitation and the number of days with precipitation data were analyzed for correlation to determine whether both could be included as independent variables in a regression analysis with the total number of F. fusca and T. tabaci as the dependent variable using SAS for Windows (version 9.1; PROC CORR; SAS Institute 2005). No signiÞcant correlation was detected between total precipitation and the number of days with precipitation in data used for F. fusca and T. tabaci analyses (r ϭ 0.212, N ϭ 44, P ϭ 0.166 and r ϭ 0.206, N ϭ 29, P ϭ 0.284, respectively).
Regression Analysis. For each species on each sampling date, the total number of thrips was averaged across all traps located within a site. For each site, the number of F. fusca and T. tabaci captured between 1 April and 10 May and 1 April and 31 May were recorded. In some years and at some sites, T. tabaci were not identiÞed or not collected; consequently, only 38 site-years of data (18 sites) were used in the analyses for T. tabaci. Frankliniella fusca were captured at all sites (21) in all years, resulting in 43 site-years of data, all of which were included in the analyses for F. fusca. Data on the total number of dispersing thrips were log-transformed, based on an inspection of residuals (SAS 9.1; PROC PLOT; SAS Institute 2005), to stabilize variance before stepwise regression. Stepwise regression (SAS 9.1; PROC REG; SAS Institute 2005) was used to test for relationships between the total number of F. fusca or T. tabaci captured between 1 April and 10 May and 1 April and 31 May and the independent variables degree-days, total precipitation, and the number of days with precipitation from 1 January to 10 May and 1 January to 31 May, respectively.
Results

Seasonal aerial trapping from 1997 through 2001
showed very little movement of both F. fusca and T. tabaci from January through March of each year (Fig.  2, A and B) . During early April and May, movement increased for either F. fusca or T. tabaci and, on average, peaked between 10 and 31 May each year. The magnitude and the timing of the peak ßights varied greatly among individual sites and years.
Frankliniella fusca. Seventy percent of the total variation in the number of F. fusca adults captured between 1 April and 10 May each year was explained by a regression model that included degree-days (DD), total precipitation (PRECIP), and the number of days with precipitation (DP) as independent variables (F ϭ 30.50; df ϭ 3, 40; P ϭ Ͻ0.001; Table 2) Degree-days alone accounted for 61% of the total variation, PRECIP explained an additional 5%, and DP explained the Þnal 4%. The total number of F. fusca captured between 1 April and 10 May was positively related to DD and DP but negatively related to PRECIP from 1 January to 10 May. Results for the number of F. fusca adults captured between 1 April and 31 May were similar to those captured between 1 April and 10 May except that the regression model explained only 55% of the total variation (F ϭ 16.39; df ϭ 3, 40; P ϭ Ͻ0.001; Table 2 Degree-days alone accounted for 46% of the total variation, PRECIP explained an additional 5%, and DP explained the Þnal 4%. The total number of F. fusca captured between 1 April and 31 May was positively related to total DD and DP but negatively related to PRECIP from 1 January to 31 May.
Thrips tabaci. Fifty-seven percent of the total variation in the number of T. tabaci adults captured between 1 April and 10 May each year was explained by a regression model that included DD, PRECIP, and DP as independent variables (F ϭ 10.42; df ϭ 3, 24; P ϭ Ͻ0.001; Table 3) Degree-days alone accounted for 22% of the total variation, DP explained an additional 13%, and PRECIP explained the Þnal 21%. The total number of T. tabaci captured between 1 April and 10 May was positively related to total DD and DP but negatively related to PRECIP from 1 January to 10 May.
Results for the number of T. tabaci adults captured between 1 April and 31 May from 38 site-years of data were similar to those captured between 1 April and 10 May, except now the regression model explained 63% of the total variation (F ϭ 14.42; df ϭ 3, 25; P ϭ Ͻ0.001; Table 3 Degree-days alone accounted for 19% of the total variation, PRECIP explained an additional 29%, and DP explained the Þnal 15%. The total number of T. tabaci captured between 1 April and 31 May was positively related to total DD and DP but negatively related to PRECIP from 1 January to 31 May.
Discussion
In our study from 1997 to 2001, the numbers of dispersing F. fusca and T. tabaci caught on yellow sticky traps in spring peaked, on average, between 10 and 31 May each year (Fig. 2, A and B) . This is consistent with previous surveys that have described thrips populations as smaller during the winter, increasing rapidly with large peak ßights during the spring, followed by an abrupt decline in numbers associated with senescence of winter hosts (Davidson and Andrewartha 1948b , Andrewartha and Birch 1954 , North and Shelton 1986 a, b, Shelton and North 1986 , McPherson et al. 1992 , DuRant et al. 1994 , Cho et al. 1995 , Eckel et al. 1996 , Gitaitis et al. 1998 , Moriones et al. 1998 . The varying number of thrips captured on yellow sticky traps throughout the spring season is, no doubt, inßuenced by many factors beyond weather, including trap attractiveness relative to surrounding vegetation, host plant composition, thrips population size and proportion of the population that is dispersing, behavior, and agricultural practices. However, longterm weather variables are able to explain a majority of the year to year and location to location variation observed in spring trap catches spanning nearly 300 miles from north to south and 150 miles from west to east over a 5-yr period in Virginia and North Carolina, despite of the collective impact of any other factors.
Regression analyses determined that temperature, measured as degree-days accumulated from 1 January, was the single most inßuential factor positively affecting F. fusca and T. tabaci populations. Presumably, increasing temperatures in the spring inßuenced both thrips population growth rate and the suitability of their winter annual host plants by affecting when the plants senesce. Degree-days accumulated between 1 January and 10 May explained 61% of the variation about the total number of F. fusca captured between 1 April and 10 May. When the trapping interval was extended to 31 May, degree-days was still the single best explanatory variable, explaining 46% of the total variation in F. fusca captures. The 15% reduction in explanatory power reßects the fact that degree-days continued to accumulate throughout the period of analysis, but in some years and locations, thrips trap catches peaked and began to declined before 31 May; therefore, the power of cumulative degree-days to estimate the total number of adult F. fusca declines after the population peaks. Although degree-days summed from 1 January was also the best explanatory variable for the number of T. tabaci captured between 1 April and 10 May and 1 April and 31 May, it explained only 22 and 19%, respectively. Part of the disparity between the power of degree-days to explain variation in captures of dispersing F. fusca and T. tabaci in spring may result from differences in the host plant preferences of these two species. Groves et al. (2002) observed that spring dispersal of T. tabaci in eastern North Carolina occurred over a longer period of time and extended later into the spring than was the case for F. fusca. Moreover, reproducing populations of T. tabaci occurred on fewer plant species than F. fusca, with the majority of immature T. tabaci collected from biennial or perennial plant species that are less likely to senesce in response to increasing springtime temperatures than winter annual species, which are the predominant winter and spring hosts of F. fusca. Therefore, to the extent that yellow sticky trap catches reßect the size of the dispersing thrips population, it is possible that the observed effect of temperature on spring dispersal of T. tabaci primarily reßects the direct effect of temperature on population growth rate, whereas the effect of temperature on F. fusca reßects not only its inßuence on population growth rate but also a strong effect on the timing of host plant senescence.
In these models, both the amount and frequency of precipitation were important. The total number of F. fusca and T. tabaci captured were negatively affected by total precipitation but positively affected by the number of days with precipitation. We expected these results based on previous studies. Hard or prolonged precipitation events can kill young thrips larvae and depress the population (Kirk 1997) , as well as suppress dispersal of adult thrips (Lewis 1963) . In contrast, precipitation can promote plant growth and delay senescence of winter hosts, allowing for increased production of thrips over a longer period (S.C.M. and G.G.K., unpublished data).
Precipitation had a relatively greater effect on T. tabaci than F. fusca. The combined effects of total precipitation and the number of days with precipitation accounted for only 9% of the total variation in the F. fusca models versus 34 Ð 44% of the total variation explained by the T. tabaci models. After accounting for the effect of degree-days in both F. fusca models, total precipitation and the number of days with precipitation accounted for an additional 5 and 4% of the total variation, respectively. After accounting for the effect of degree-days in the regression model for the total number of T. tabaci captured between 1 April and 10 May, the number of days with precipitation explained an additional 13% and total precipitation explained the Þnal 21% of the total variation. In the regression model for the total number of T. tabaci captured between 1 April and 31 May, total precipitation explained an additional 29%, and the number of days with precipitation explained the Þnal 15% of the total variation, after accounting for the effect of degree-days. Temperature and precipitation have varying effects on thrips populations. With increasing temperature throughout the spring, there is increased thrips activity, development, and population growth up to the point when winter hosts begin to senesce and thrips ßights decline (Lowry et al. 1992 , Lewis 1997 , Kirk 1997 . Dry weather favors thrips population growth (Bailey 1933 , 1934 , 1944 , Fennah 1965 , Evans 1967 ). Franssen and Huisman (1958) reported that infestations of Thrips angusticeps Uzel during rainy and cool seasons were signiÞcantly lower than those during dry and hot seasons, presumably because of high larval mortality and slower population growth rates (Kirk 1997) . Warm temperatures may be required before thrips ßight can occur. Lewis (1963) described a temperature threshold for take-off by Limothrips cerealium (Haliday) that was above their developmental threshold. In this situation, large populations of thrips can develop during spring while temperatures ßuctu-ate between developmental and ßight thresholds. Once temperature increases above the ßight threshold, thrips dispersal may occur en masse. However, direct rain or heavy dew can prevent thrips take-off as their wing setae become saturated (Kirk 1997) , despite conducive temperatures for ßight. Thrips populations tend to recover slowly after rain events because of high larval mortality, but adults and late stage juveniles, after maturity, will ultimately ßy when environmental conditions become favorable again (Cho et al. 1989 , Kirk 1997 , Lewis 1997 , Groves et al. 2001 . As suggested by our models, a portion of the negative effect of precipitation can be offset by the positive effects on host plants, including delayed senescence of winter hosts, enabling them to provide a suitable habitat for thrips growth and reproduction over a longer period. Groves et al. (2003) previously reported temporal similarities between the numbers of dispersing F. fusca caught on yellow sticky traps and the spread of TSWV in eastern North Carolina. Our results showing that temperature and precipitation variables account for 55 and 63% of the variation in the total number of dispersing F. fusca and T. tabaci caught on yellow sticky traps in spring suggests that it may be possible to develop weather-based models to predict the nearterm risk of thrips ßights and TSWV, although additional research is needed. Because our analyses indicate that speciÞc weather variables affect thrips species differently, species-speciÞc models that include degree-days, amount of rainfall, the number of rainfall events, and perhaps other variables would have to be developed. Weather-based models based on the work of Andrewartha (1948a, 1948b) and incorporating a more complex set of weather variables have been used with success as part of an early-warning system to predict damaging populations of thrips in apples in the Adelaide Hills area of Australia (Kirk 1997) .
